Abstract: High-pressure Raman-scattering measurements and ab initio calculations on NdVO4 have been carried out up to 30 GPa. Our combined experimental and theoretical study confirms that beyond 5.9 GPa NdVO4 undergoes an irreversible zircon to monazite transition. The coexistence of zircon and monazite phases is experimentally observed up to ~ 8 GPa (which agrees with the theoretical transition pressure), stabilizing the monazite phase as a single phase around 10 GPa. Calculations additionally predict the existence of a second high-pressure phase transition at 12.4 GPa. This reversible phase transition has been experimentally observed beyond 18.1 GPa and remains stable up to 30 GPa. The post-monazite phase is predicted to have a monoclinic structure isomorphic to the BaWO4-II type structure. The calculated structure for the three polymorphs of NdVO4 is reported and the pressure dependence of their Raman modes is discussed.
Introduction
The study of zircon-structured orthovanadates is important in the fields of geology and materials science. They are refractory materials, can withstand high pressures and temperatures, and generally show low thermal expansion, being useful for the ceramic industry [1] . In addition, orthovanadates found applications in thermophosphors, scintillators, photocatalysts, cathodoluminescent materials, and in lithium ion batteries [2, 3] . These materials are also used as laser-host materials when doped with trivalent impurities due to their high optical conversion efficiency, high birefringence and good thermal conductivity [4] . Recently, they have been used for the development of dual-wavelength lasers [5] . Furthermore, they can be also used to immobilize nuclear waste [6] .
Rare-earth AVO4 orthovanadates (A = Sc, Y, La -Lu) mostly crystallize in the tetragonal zircon-type structure (space group I41/amd) [7] , although it has been found that a few orthovanadates (e.g. LaVO4) crystallize in the monazite structure (space group P21/n), depending on the synthesis conditions and cationic size [8] . Another structure which is closely related to zircon and monazite structures is the scheelite (space group I41/a) structure. All these three structures have in common a sequence of chains of alternating polyhedral units and planes of closed packed A cations. In particular, NdVO4 crystallizes in the tetragonal zircon structure and can be viewed as alternating edge-sharing NdO8 dodecahedra and VO4 tetrahedra forming chains parallel to the c-axis.
Recent investigations on orthovanadates and related ternary oxides implied a strong correlation of rA/rO and rV/rO cation-anion radius ratio on high-pressure (HP) structural phase transitions [9] . In general, orthovanadate compounds show zircon-to-scheelite [10 -16] or zircon-to-monazite [17 -19] structural phase transitions. Some works also report post-scheelite and post-monazite transitions [20, 21] . In addition, the compressibility and HP Raman scattering (RS) of orthovanadates have been recently explored [22 -26] . In spite of the attention devoted to the HP study of AVO4 orthovanadates, NdVO4 is one of the less studied members of this family.
Earlier HP optical-absorption measurements on NdVO4 found a sharp drop in energy band-gap (Eg) from 3.72 to 3.30 eV at ~ 6 GPa. At 11.4 GPa another discontinuity in Eg was detected, indicating a second phase transition around this pressure [27] . The first drop was attributed to a zircon to monazite transition around 6.5 GPa in recent HP x-ray diffraction (XRD) measurements [18] ; however, the second pressure-induced phase transition was not verified in that HP-XRD study up to 12 GPa. Here we report a combined experimental and theoretical study of HP-RS measurements and ab initio calculations to improve the understanding the nature of phase transitions in NdVO4.
Experimental details
NdVO4 was prepared by solid-state reaction of appropriate amounts of pre-dried Nd2O3 (Indian Rare Earth Ltd. 99%) and V2O5 (Alfa-Aesar 99%). Homogeneous mixtures of the reactants were pelletized and heated at 800 ºC for 24 h and then cooled to ambient temperature.
Further, the pellets were reground and heated again at 1100 ºC for 24 h. X-ray diffraction measurements at ambient conditions using Cu K radiation ( = 1.5418 Å) confirmed a single phase with the zircon structure and a = 7.334(1) Å and c = 6.436(1) Å, which are in very good agreement with the literature [28] . For HP-RS measurements, we used a cylindrical piece of NdVO4 (40 m in diameter and 10 m thick). This sample and a 2-μm diameter ruby ball were loaded in a diamond-anvil cell inside a pre-indented Inconel gasket with a thickness of 40 m and a 200-μm diameter hole. A 16:3:1 methanol-ethanol-water mixture was used as pressuretransmitting medium [29, 30] . The pressure was determined by monitoring the shift in ruby 4 fluorescence lines [31] . Special caution was taken to avoid sample bridging between diamonds [32] . HP Raman measurements were performed in the backscattering geometry using 632.8 nm HeNe laser with a power of 10 mW and a Horiba Jobin Yvon LabRAM high-resolution UV microspectrometer in combination with a thermoelectric-cooled multichannel CCD detector with spectral resolution below 2 cm -1 .
Theoretical method and computational details
Ab initio calculations have been performed within the density-functional theory (DFT) framework as implemented in the Vienna ab initio simulation package (VASP) [33] . The set of plane waves employed extended up to a kinetic energy cutoff of 520 eV. Such a large cutoff was required to achieve highly converged results within the projector-augmented-wave (PAW)
scheme [34] . The exchange-correlation energy was taken in the generalized-gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) prescription [35] . We used dense special point grids appropriate to each structure considered to sample the Brillouin zone (BZ), thus ensuring a high convergence of 1-2 meV per formula unit in the total energy as well as an accurate calculation of the forces on the atoms. At selected volumes, the structures were fully relaxed to their optimized configurations through the calculation of the forces on atoms and the stress tensor [36] . In the optimized configuration, the forces were smaller than 0.005 eV/Å, and the deviation of the stress tensor from a diagonal hydrostatic form was less than 0.1 GPa.
Lattice-dynamic calculations of the phonon modes were performed at the zone center ( point) of the BZ. We used the small-displacement method which has been shown to properly work to study phonons under compression [37] [38] [39] . These calculations also provide information about the symmetry of the modes and their polarization vectors, and allowed us to identify the irreducible representations and the character of the phonon modes at the  point.
Results

A. Zircon structured NdVO4
As regards the structural properties of zircon-type NdVO4, our ab initio calculations find that the tetragonal zircon is the most stable phase of NdVO4 in agreement with previous XRD experiments [18] . This is shown in Fig. 1 and V0 agrees well with experiments, within the overestimation of the volume expected in DFT calculations, the calculated B0 is 10% smaller than the experimental value [18] . Nevertheless, the calculated B0 and B0' lie within the 3 confidence-level ellipse [40] determined from experiments [18] . Therefore, we can conclude that ab initio calculations provide a good description of the compression of the zircon structure.
As regards the vibrational properties of zircon-type NdVO4, group theory predicts 12
Raman-active modes at the center of the BZ with symmetries Г = 2A1g + 4B1g + B2g + 5Eg [41] .
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These modes can be further classified into internal (ν1-ν4) and external (translational, T, and rotational, R) modes of VO4 units as follows, Г = A1g (ν1, ν2) + B1g (2T, ν3, ν4) + B2g (ν2) + Eg (2T, R, ν3, ν4).
Regarding the Raman spectra measured under compression, HP-RS spectra of zircon-type NdVO4 at selected pressures are shown in Fig. 2(a) . Eleven Raman-active modes are clearly discernable at ambient conditions out of the twelve predicted ones for zircon-type NdVO4 so they can be clearly assigned to the zircon structure up to 4.9 GPa. In fact, we have followed under compression the eleven Raman-active modes up to this pressure. The only change observed is the gradual shift of the phonon frequencies as pressure increase, a typical consequence of the change of interatomic distances.
The pressure dependence of Raman-active mode frequencies in the zircon phase is plotted in at ambient pressure. The symmetry assignment for the experimental Raman-active modes along with their experimental and calculated frequencies and pressure coefficients are summarized in Table 1 . It must be noted that the pressure coefficients of all the Raman modes are comparable with other orthovanadates [10, 19, 22, 24, 26] . In order to complete the description of the HP behavior of the Raman-active modes of zircon-type NdVO4 in Table 1 we include the mode Grüneisen parameters, = (B0/0)(d/dP, where B0 = 148 GPa is the bulk modulus [18] . These 7 parameters are useful to estimate the pressure dependence of thermodynamic, elastic, and transport properties.
The symmetry assignment for the Raman-active modes has been performed in accordance with our lattice dynamics calculations and with previous polarized Raman studies [41, 42] . The agreement between experiments and calculations is quite good. The difference among the measured and calculated wavenumbers () is smaller than 4% for all the measured modes. When comparing the pressure coefficients (d/dP) we observe a similar agreement. In only one mode, the lowest frequency mode, the calculated pressure coefficient is considerable larger than the experimental coefficient.
Taking into account the good agreement between our experimental and theoretical frequencies and pressure coefficients it was rather easy to make a tentative assignment of the symmetry of the Raman-active modes experimentally observed. In this sense, the highest frequency Raman mode, the most intense mode, is the symmetric-stretching internal mode ν1(A1g), observed at 871 cm -1 at ambient pressure. There are also two other high-frequency modes, these are the two asymmetric-stretching modes ν3(Eg) and ν3(B1g) recorded at 808 and 794 cm -1 , respectively. The rest of the modes are below 475 cm -1 and correspond to either bending modes of the VO4 unit or to external (translational and rotational) modes. Regarding the bending modes of the VO4 unit, we have observed: ν4(B1g) at 472 cm -1 , ν2(A1g) at 381 cm -1 , ν4(Eg) at 373 cm -1 , and ν2(B2g) at 260 cm -1 respectively. The translational modes correspond to the four modes found at the lowest frequencies. The only Raman mode absent is the rotational mode R(Eg), which is theoretically predicted at 224.6 cm -1 and has the largest pressure coefficient of all Raman-active modes.
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As regards the assignment of the symmetry of the absent Raman-active mode in rare-earth zircon-type vanadates, there is an ongoing discussion in the literature regarding why in most cases only 11 of the 12 Raman-active modes are observed and which is the non-observed mode.
In most cases, the rotational mode R(Eg) or the bending ν4(Eg) mode is the one usually assumed to be not observed in these compounds [41, 42] . In this respect, HP-RS measurements can be very helpful in order to clarify which one is the absent mode. The present HP-RS measurements in NdVO4 have allowed us to find that the absent mode is the bending ν4(Eg) mode, unlike previously assumed [41, 42] . Similarly, previous HP-RS measurements in ScVO4 and TbVO4 helped us to find that the absent mode was also the bending ν4(Eg) mode [10, 26] . However, in
CeVO4 it seems that the lost mode is the bending mode ν2(A1g) mode, which has a much larger pressure coefficient than the bending ν4(Eg) mode [43] . In the case of YbVO4, PrVO4, and SmVO4, HP-RS measurements were not correlated to ab initio calculations [19, 23] ; however, taking into account the large pressure coefficient typical of the rotational R(Eg) mode, and the fact that the bending ν4(Eg) mode has a frequency near 350 cm -1 ; i.e., close to that of the bending 2(A1g) mode, we can safely conclude that the lost mode in these vanadates is also the bending ν4(Eg) mode in both compounds. Moreover, since our calculations on zircon-type rare-earth orthovanadates ScVO4 [10] , TbVO4 [26] , CeVO4 [43] , and NdVO4 (this work) have shown that both modes, one T(Eg) and the 2(B2g) mode, have always a negative pressure coefficient, we can conclude that the Raman-active mode observed at 261-262 cm -1 with negative pressure coefficient in YbVO4, PrVO4 and SmVO4 correspond to the 2(B2g) mode and not to the T(B1g)
as was previously assigned [19, 23] .
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B. Monazite structured NdVO4
In the structural calculations we found the occurrence of a transition from the zircon to a monazite structure at 8.5 GPa. This is consistent with the irreversible phase transition determined from XRD measurements at 6.5 GPa [18] and with the changes observed in the optical properties of NdVO4 at 6 GPa [27] . The XRD patterns measured for the HP phase have been assigned to a monazite-type structure [18] , however a full structural refinement of the HP phase was not possible. Here we provide the complete structural description of the monazite structure (space group P21/n, Z = 4), which is given in Table 2 . The monazite phase is closely related to the zircon structure. Monazite can be viewed as being composed by alternating edge-sharing NdO9 polyhedra and VO4 tetrahedra [44] . The calculated unit-cell parameters of monazite-type NdVO4 The zircon-monazite phase transition involves a 9% volume collapse. From our calculations we also determined the pressure dependence of the unit-cell volume, which is described by a third-order Birch-Murnaghan EOS [40] with V0 = 316.62 Å 3 , B0 = 138.8 GPa, and B0' = 3.79.
The values of B0 (12% larger than in the zircon phase) and B0' (4% larger than in the zircon phase) suggests that the monazite phase is less compressible than the zircon phase. A feature that has been observed in other vanadates [20, 21] and it is related to the increase of the packing efficiency in the monazite structure with respect to the zircon structure.
As regards the vibrational properties of monazite-type NdVO4, group theoretical calculations predict 36 vibrational Raman modes at the BZ centre with following symmetries Г = 18Ag + 18
Bg [45] . These modes can be further classified into internal (ν1-ν4) and external (translational, T, and rotational, R) modes of VO4 units as follows, Г = Ag (6T, 3R, ν1, 2ν2, 3ν3, 3ν4) + Bg (6T, 3R, ν1, 2ν2, 3ν3, 3ν4). Fig. 3(a) shows the Raman spectra of NdVO4 in the monazite phase at a few representative pressures. It can be seen that at 5.9 GPa we have observed noticeable changes in the Raman spectrum with emergence of new Raman bands, accompanied by the broadening of many Raman modes. These changes in the Raman spectra are indicative of a structural phase transition towards the lower-symmetry monoclinic monazite phase. This is in quite agreement with our calculations and previous experiments [18, 25] . The monazite phase is predicted to be observed up to 12.4 GPa according to our calculations and was observed up to 18.1 GPa in our experiments [18] . The difference in the transition pressure can be related to the presence of a kinetic energy barrier between the monazite and post-monazite structures.
We have observed twenty-one Raman modes at 6.3 GPa out of thirty-six Raman modes predicted for the monazite phase of NdVO4. Similarly, in Raman scattering measurements of CeVO4, twenty-seven Raman modes were detected after the zircon-to-monazite phase transition [41] . In addition, to the Raman modes of the monazite phase, the most intense Raman mode of the zircon phase (the highest frequency mode) is observed up to ~ 8 GPa, suggesting a phase coexistence during a 3 GPa range. Regarding the pressure dependence of the Raman-active modes we found that under compression most modes harden (See Fig. 3(b) and Table 3 ); however, we have observed a small softening of two Raman modes of Ag symmetry at 95 cm -1 and 139 cm -1 . Calculations also predict the presence of a low-frequency Bg mode with a negative pressure coefficient. Similarly, three soft modes were theoretically predicted for monazite-type CeVO4 [43] . It must be stressed that the wavenumbers of these three modes never reach zero in the pressure range of stability of the monazite phase. This result indicates that they are not classical soft-modes, as those observed in a second-order displacive transition [47] . A similar weak softening of two or three modes has been previously found in monazite-type CeVO4, PbCrO4 and LaVO4 [41, 48, 49] . The presence of such modes has been correlated with a weakening of the restoring force against the corresponding deformation associated to the soft phonon mode, marking probably the existence of a collective instability that tends to make the crystal structure unstable [50] . This fact is consistent with the finding of a phase transition to a post-monazite phase as we found.
C. Post-monazite phase
A strong decrease of the bandgap near 11.4 GPa was found in NdVO4 by optical-absorption experiments [27] . This change correlates with the fact that RS spectra measured from 19 GPa to 30.8 GPa (see Fig. 4 ) are quite different from those measured up to 18.1 GPa. These experimental results suggest the existence of a second phase transition in NdVO4. The existence of this second phase transition, above 12.4 GPa, is supported by our calculations, as can be seen in Fig. 1 . Therefore, we think there is enough evidence to support the existence of a postmonazite phase in NdVO4. In a previous work, a tentative phase transition to the scheelite phase was proposed [27] ; however, in this work we have carried out calculations for a larger number of candidate structures on the light of the Bastide's diagram [8] . Our improved calculations suggest the possibility that the post-monazite phase in NdVO4 is of BaWO4-II-type. A similar structure has been proposed as a HP structure in related oxides BaWO4, PbWO4, and SrMO4 [51 -53] .
The Raman spectra of such phases [53 -56] have qualitative similitudes with the Raman spectrum of the post-monazite phase of NdVO4.
Details on the crystal structure of the BaWO4-II structure of NdVO4 are given in Table 4 .
This structure is monoclinic (space group P21/n, Z = 8) and can be described with the same space group than monazite, however it has 8 formula units in the unit cell instead of 4. The phase transition involves an increase of the coordination number for both V and Nd and there is a volume collapse associated to it. Its EOS is described by the following parameters: V0 = 596.35 Å 3 , B0 = 146.8 GPa, and B0'= 3.42. This indicates that, the post-monazite phases have slightly smaller volume compressibility than the monazite phase.
As regards the vibrational properties of the BaWO4-II-type NdVO4, group theory predicts 72
Raman-active modes (36Ag and 36Bg). The number of Raman modes is double in the BaWO4-II 13 phase than in monazite, despite they share the same space group, because of the double number of formula units in the primitive cell of this phase than in the monazite structure. The calculated wavenumber and pressure dependence of the different modes is given in Table 5 . In contrast with the other two phases, in the BaWO4-II-type phase all pressure coefficients are positive. Another distinctive feature of the post-monazite phase is that phonons are continuously distributed from 80 to 950 cm -1 . In contrast, the zircon and monazite phases have a large phonon gap between the internal stretching mode and the rest of the modes as we commented above. It is possible that, due to this large number of modes and because many of them are very close in frequency, a considerable broadening in the Raman spectrum on the post-monazite phase was observed. This broadening precludes us of making an accurate frequency determination of the different modes of the post-monazite phase. Therefore, from the experiments we can only state that there exist a post-monazite phase and that it has a Raman spectrum similar to that expected for a BaWO4-II structure. The calculated phonon frequencies, pressure coefficients, and the mode Grüneisen parameters (calculated using B0 = 146.8 GPa) are summarized in Table 5 .
It is important to note that despite the observation of a broad band at high frequencies, makes difficult an individual analysis of the different internal modes which are very close in frequency, a general drop in the average frequency of the broad band of intense high-frequency modes on the transition from monazite-to-BaWO4-II can be observed. This drop in frequency is consistent with the increase of the V coordination in the BaWO4-II-type phase with respect to the monazite-type phase. Therefore, on the light of the exposed results we are confident that the second HP phase of NdVO4 is the BaWO4-II structure. Furthermore, the monazite-BaWO4-II phase transition is consistent with Bastide's diagram [8] because in some materials the monazitescheelite phase transition can be skipped and undergo a phase transition directly to a post-14 scheelite phase, as evidenced in PbWO4 and BaWO4 [50 -53] . Additionally, monazite LaVO4 has been recently reported to undergo a monazite-BaWO4-II transition [48] , which suggests that the BaWO4-II structure might be a common post-monazite phase in AVO4 vanadates if the trivalent cation has a large ionic radius (La, Ce, Nd, and Pr).
Conclusions
Our Raman experiments and ab initio calculations on NdVO4 up to 30. 
